As twin screw granulation (TSG) provides one with many screw element options, 22 characterization of each screw element is crucial in optimizing the screw configuration in order 23
to obtain desired granule attributes. In this study, the performance of two different screw 24 elements -distributive feed screws and kneading elements -was studied in an 11mm TSG at 25 different liquid-to-solid (L/S) ratios. The kneading element configuration was found to break 26 large granules more efficiently, leading to narrower granule size distributions. While 27 pharmaceutical industry shifts towards continuous manufacturing, inline monitoring and process 28 control are gaining importance. Granules from an 11mm TSG were analysed using the 29
Eyecon
TM , a real-time high speed direct imaging system, which has been used to capture accurate 30 particle size distribution and particle count. The size parameters and particle count were then 31 assessed in terms of their ability to be a suitable control measure using the Shewhart control 32 charts. d 10 and particle count were found to be good indicators of the change in L/S ratio. 33 feed screw, whose performance has not been evaluated using a Thermo Fisher twin screw 92 granulator. This study aims at characterizing the distributive feed screw and assessing capability of a high-116 speed imaging technique for the in-line control of granule size parameters produced by an 11mm 117 TSG. Particle attributes such as particle size and liquid distributions are presented from offline 118
analyses. The measurement of particle attributes using an in-line method provides a better 119 understanding of real-time product characteristics providing a design of space network for 120 continuous manufacturing applications. The TSG process comprising a distributive feed screw 121 (DFS) as main granulation element is introduced and characterised in a Thermo Fisher twin 122 screw granulator for the first time. In-line characterisation of granule size parameters are 123 obtained using a high-speed imaging camera attached to a Thermo Scientific® Process 11 twin-124 screw granulator. Offline particle size and liquid distributions obtained using DFS are also 125 compared to values achieved using a kneading element (KE) configuration comprised of 7 126 kneading elements with 90-degree advance angle. Further analytical procedures included data 127 processing and elaboration of Shewhart control charts to evaluate the applicability of particle 128 size parameters such as d 10 
Materials and Methods 132

Granulation Experiments 133
In this study, a placebo formulation composed of α-lactose monohydrate (Pharmatose 200M, 134 73.5%), microcrystalline cellulose (Avicel PH101, 20%), hydroxypropylmethyl cellulose 135 (Hypromellose, 5%) and croscarmellose sodium (Ac-Di-Sol, 1.5%) was used. These dry 136 ingredients were pre-mixed using a Turbula ® T2F mixer (Glen Mills Inc., New Jersey, United
Technologie GmbH, Duisburg, Germany) was used to feed the blend into the 11mm TSG 139 
Offline Granule Size Analysis 161
The granules collected from each experiment were spread on a tray and dried at room 162 temperature for 48 hours. They were then split using a Laborette 27 rotary cone sample divider 163 (Fritsch GmbH, Idar-Oberstein, Germany) to obtain representative samples. Granule size 164 distribution was measured via sieve analysis using a √2 series of sieves from 63 μm to 8 mm. 165
The normalized mass frequency with respect to the logarithm of particle size was plotted 166 
Eq. 1 169 170
where, is the mass fraction in size interval and is the upper limit of the size interval . 171 172
Liquid Distribution 173
The liquid distribution (LD) method used is similar to the one reported by Smirani-Khayati et al. 
Granule Porosity 181
A helium pycnometer (AccuPyc, Micromeritics) was used to measure the true density of the 182 granules. The granule envelope density measurement was then performed using an envelopedensity pycnometer (Geopyc, Micromeritics). Granules in the size fraction 1.0-1.4 mm were 184 used for the measurements. The following equation was then used to calculate granule porosity 185
where and are the envelope and true density of the granules, respectively. 188
Granulation Experiments for image analysis 189
For the image analysis using the DFS configuration, a screw speed of 724 rpm and a powder feed controlled during the experiments since temperature control requires the die to be assembled to 195 the TSG. This is because the TSG used was originally built as an extruder and was modified to 196 be used as a granulator. When performing experiments using the 7KE90 configuration, the metal 197 chute was heated via a thin metal coil attached to it from outside, which prevented the un-198 granulated powder sticking onto the chute. 199 200
In-line Image Analysis & Experimental Setup 201
The Eyecon TM Particle Characterizer was used for the in-line granule size analysis. Granule 202 images were recorded while running the TSG and collecting the granule samples. a 30 sec moving window to calculate the average parameter values. In this study, the camera 214 measures the size of wet granules immediately after they exit the granulator, being a non-215 destructive method. It measures the minimum and maximum diameters of a particle, by fitting an 216 ellipse. The software then takes the average of these two diameters and calculates the volume of 217 the particle assuming that it is a sphere of this average diameter. It assumes that all the particles 218 have the same density and calculates the size parameters. Due to the RGB light, it can detect the 219 boundaries of each particle and differentiate the ones that are overlapping or partially in the area 220 of view. Those particles can then be excluded from the calculations, resulting in the values 221 obtained using only the particles that are completely within the field of view. 222 223
Results and Discussion 224
DFS characterization and comparison to 7KE90 screw configuration
In Figure 4a , the granule size distributions obtained using the two configurations are both 229 bimodal. Bimodality of the 7KE90 configuration has been reported previously by El Hagrasy and 230
Litster (2013) using a 16mm TSG. Additionally, both size distributions have similar spans, the 231 one from the DFS configuration being a little larger. As the L/S ratio increases, the amount of 232 Figure 4d , the difference between the GSDs increased due to DFS 236 configuration having more large granules. This shows that the kneading element configuration 237 breaks the large granules more efficiently, resulting in a narrower size distribution. The DFS 238 configuration is not as good in breaking the large granules that are formed at high L/S ratios. In Figure 5a , the fraction of fines decreases with increasing L/S ratio for both screw 245 configurations, with the decrease in DFS being a little steeper. In Figure 5c , the increase in L/S 246 ratio brings the increase in the coarse granules for both configurations. The fraction of coarse 247 granules in 7KE90 configuration is less than that of DFS at all L/S values, indicating a better 248 breakage process in the case of 7KE90. In Figure 5b , 7KE90 configuration produces a higher 249 fraction of granules that are in the range between 125 μm and 1 mm, due to its lower fraction of 250 coarse granules. The fraction of granules in the desired range goes through a maximum at theanalysis was performed. Figure 6 presents the analysis results for both screw configurations. 253 254 Figure 6 shows that 7KE90 configuration distributes the liquid better than the DFS configuration 255 due to more efficient breakage of large granules, indicated by the more horizontal curve. In case 256 of the 7KE90 configuration, large granules have a liquid content that is close to the liquid to 257 solid ratio, suggesting that layering is taking place. This is in accordance with El Hagrasy and 258
Lister's (2013) findings, where they elucidated granulation rate processes taking place in the 259 kneading section of TSG. In case of the DFS configuration however, liquid content is a strong 260 function of granule size, where large granules have more liquid per mass than smaller granules. 261
Liquid distribution is an important factor, whether the binder is introduced in liquid or powder 262
form, in obtaining granules with similar attributes such as strength. When control charts are used, variability of the data under control is measured and the control 333 limits beyond which the system will be treated to be out of control are determined to be a factor 334 times this variability above and below the centerline. To obtain the sensitivity of Eyecon TM 335 measurements to changes in L/S ratio, a four-minute section is taken from experiments with 336 different L/S ratios and plotted in succession. The mean control charts for size parameters and 337 particle count using DFS and 7KE90 configurations are provided in Figures 9 and 10,  338 respectively. In Figure 9 , the control limits were set using the data at the L/S ratio of 0.30 and 339 compared against that at 0.20. In Figure 10 however, the limits were set at the L/S ratio of 0. 
Conclusions 360
Distributive feed screw may improve the size distribution when compared to regular conveying 361 elements. However, the DFS configuration is not as efficient in breaking the large granules when 362 compared to 7KE90 configuration, as shown by granule size and liquid distributions.
accompanied with a loud noise at relatively high powder feed rates. This was not observed while 365 running the experiments with the DFS configuration. It indicates that DFS will be able to give a 366 broader design space than the 7KE90 configuration. In terms of the use of in-line imaging for 367 control of TSG, Eyecon TM camera was able to detect the increase in size and decrease in count 368 when the L/S ratio was changed. Four parameters were investigated for their potential use in 369 process control with Eyecon TM camera. d50 and d90 were measured at different L/S ratios and 370 found not to be good measures for control purposes due to their inherent variability. On the other 371 hand, d10 and particle count were sensitive to changes in L/S ratio and shown to be good 372 measures for process control, in an 11mm TSG. Once the inherent variation in the granule 373 properties at steady state are known, Eyecon TM camera can be used as a part of the control 374 mechanism. 375 376 T., Remon, J.P., Vervaet, C., 2015. Impact of screw configuration on the particle size distribution 
